Abstract-Wind power as one of a greatly developed distributed generation techniques is gaining increasing significance throughout the world. Switched Reluctance Motor when operated as Generator is proved to be a real alternative to conventional variable speed drives in many applications, especially in the extraction of maximum energy in wind energy generation system with the variable wind speeds. This paper reviews the technology status and recent trends of switched reluctance generator covering the various aspects of Modeling, Design, Simulation, Analysis and Control.
INTRODUCTION
Switched reluctance Motor (SRM) have been found to offer important advantages over conventional AC machines in generating as well as motoring operations and has proved to be the potential candidate for many industrial applications. The researches on this machine had been focused on the motoring operation over a long period of time. Since the machine has the good reversibility characteristics and the SRG can run as good as SRM, fewer scholars took notice on the generating mode of SRM. This led to the increased interest in researchers of electrical community as this machine is an attractive solution for worldwide increasing demand of electrical energy. The shortcomings of the conventionally used generators have turned research attention to a more simple and robust variable speed switched reluctance generator (SRG) which exhibits the most desirable features of a generator [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The published literature on switched reluctance generators has dealt with the technical issues related to the machine technology such as generator modeling, design, simulation, analysis and control. In this paper an attempt has been made to provide comprehensive review of publications in this regard. This paper has been organized as follows. Section II discusses in detail the design issues and various application developments of SRG. Various aspects of modeling and simulation of SRG drive system are discussed in section III. Section IV reviews the diverse analysis aspects of SRG. A review of conventional and intelligent controllers applicable to SRG drive system is the topic of interest in section V. The application potential and futuristic trends are briefly presented along with conclusive remarks in section VI.
II. HISTORY, DESIGN AND APPLICATION DEVELOPMENTS OF SWITCHED RELUCTANCE GENERATOR
The switched reluctance machine as a motor has been known for over 150 years. The generating mode of this machine SRG has created considerable interest during past few years in machine systems which either generate or regenerate. Although it is one of the earliest discovered machines, special power requirements limited the earlier investigation and application. Development of power electronic components and the advent of cheap microcomputers renewed the research interest in SRG. The inherent simple construction, ruggedness, wide speed range of operation, low cost, fault tolerant capability, easy cooling simple excitation, requirement of simple converter circuit, high torque -volume ratio, high efficiency and suitability under harsh environments are some of the important advantageous features of switched reluctance machine. The simple construction of the doubly salient, singly excited switched reluctance machine is shown in fig. 1 .
A. Excitation Methods
The recent research shows that the SRG is inherently completely passive and has no self excitation capability. To overcome this problem some researchers used a slot of permanent magnet on the edge of the stator pole to create a magnetic field that run through the rotor to both sides of the stator; the rotation of the rotor will change the permanent magnetic flux which induces alternating voltage in the stator winding. The others have chosen an external power source to help in self excitation for this SRG like using a battery or capacitor to create a magnetic field around the stator winding for a set time and then this magnetic field will be used to create electricity when the rotor moves [1] .
The concept of attaching rectangular pieces to each pole of the machine phase for self excitation has been presented and implemented the same in three different means in [13] . The Permanent magnet material used is Samarium Cobalt. In the first option of magnet placement, the stator core was cut around the teeth of one phase from top surface towards bottom of the core. Several lamination layers of each tooth were removed and room for the permanent magnets was provided. The second option that has been implemented comprises only permanent magnets fastened to the stator poles without cutting the stator core. The last option for a self excited SR Generator design was the same as the first case except that only two instead of four permanent magnet pieces were fastened on each phase tooth on only one side of the stator core.
B. Design Concepts
The SRG system is made up of the SRG, the power converter and the controller. There are different structures of SR Generators such as 12/8 structure, 6/8 structure, 6/4 structure, 6/10 structure, 6/12 structure, 8/6 structure and so on. The electromagnetic design and the design procedure for the 3 phase 12/8 structure SRG is presented in [14] .It is shown that the design method and the procedure presented are general for all types of SRG systems irrespective of the structure of the generator and based on the design method and procedure ,a software package for electromagnetic design of the SRG had been developed. A design study of 3 phase SRG to investigate the influence of stator and rotor poles on the machine performance at low speed for use in direct drive wind energy converter is presented in [15] and from the results it is shown that if the machine is not driven into saturation ,the low pole numbered machine perform as good as high pole numbered machine and the machine with the more rotor poles than stator poles had shown good performance.
A 50 KW SR Generator system which includes the SRG, the asymmetric exciting commutation power converter and the microprocessor controller is developed in [16] and the equations for electric loading, the rated average electromagnetic torque and the rated average electromagnetic power are given. The design (magnetic and Thermal designs)and fabrication of a SRM drive for a flywheel as a part of a wind/diesel stand-alone generator in order to minimize the number of start-stop cycles of the diesel engine are discussed in [19] and the illustrations for both magnetic and thermal models from the same are shown in figs.2 &3. Magnetic design basically aims to define from some initial constraints such as size and geometry of the machine to achieve the required values of torque at a given speed. For a machine with the linear magnetic system, the torque(T) for a constant current (I) can be derived as from the selfinductance variation of the active poles L(θ) with the rotor position θ as :
( The principles and the procedure for the design of the SRG system based on the software package based on nonlinear models are presented for a threephase 12/8 structure SRG system in [20] . For a two channel Switched Reluctance starter/generator system ,a new design concept was developed in [21] by placing the pole windings for a set of common pole pairs in parallel instead of placing them in series thereby increasing the number of turns per pole. This is desirable to reduce the size of the wire used for the windings which in turn reduces the eddy current losses in the conductor windings. The comparison of the three-phase 12/8 structure SR machine and the four-phase 16/12 structure SR machine was made at the same operational conditions and the same volume in the respects of the basic output frequency and output capacity of the machine and is presented in [22] .The work in [23] has presented the conception of an SR Machine flywheel system considering many design aspects such as material choice, mathematical modeling and control strategy. An investigation and five different design analysis of a 300 KW SRG is presented in [24] . Different designs of the machine are evaluated to provide 300 KW at 30,000 rpm, 60,000 rpm and 100,000 rpm and 100 KW at 100,000 rpm. The different designs are compared in terms of size, weight, efficiency and torque.
C. Application Developments
From the later 1980s, United States began to develop the switched reluctance starter/generator which used to startup the engine and then act as the high voltage DC supply for their avions. In [35] an AC self-excited SRG has been analysed as a battery charger. In [24] , best design methodologies for the application of SRG as an auxiliary power unit in a light weight, high speed and high power military and other types of hybrid vehicles are presented. A SRG that can be used in an air cycle machine is designed and presented in [6] . Authors of [23, 48] have presented a flywheel energy storage system employing SRG. In [10] two kinds of mechanical coupling of the SRG with the wind turbine (direct coupling with the turbine shaft and coupling to the shaft through a gear box)are analysed. In [45] the researcher has developed a 75 KW switched reluctance variable speed wind generator system prototype and the experimental test results for two control strategies are shown and compared. In [49, 50] , a 2.5 KW experimental prototype has been constructed and the performance of the wind energy conversion system has been tested over the whole speed range using wind profile and power impacts and the experimental results are also presented. In [51] , the configuration of a small size wind power generating system and a maximum power point tracking control method is proposed. In [52] the dynamic response of an SRG based wind turbine system during normal wind variation and system fault condition has been examined..In [54] a 20 KW prototype machine has been developed and tested. In [58] , an 8/8 configuration of a single-phase SRG applied for wind power generation is discussed. All these research papers [10], [45] , [49] [50] [51] [52] , [54] and [58] have explored the suitability of SRG for wind energy applications. 2) where λ is generator phase flux linkage which is a function of both phase current and rotor position, Therefore equation 2 can be rewritten as
III.MODELING AND SIMULATION OF SWITCHED RELUCTANCE GENERATOR
For a given current L is a function of rotor position and is a linear quantity. Hence equation 3 can be rewritten as A mathematical model for SRG is derived from the equations (4) - (7) and is as shown in equations (8) the quality analysis of SRG based on piece-wise approximation has been presented.
In this two SRG constructions, one with strong magnetic saturation is compared with the one with the linear characteristics and it is shown that the former has larger power output than the later. In [44] , the complete analysis, modeling and simulation with the drive circuit has been presented for different types of loads.
V. CONTROLLERS FOR SWITCHED RELUCTANCE GENERATOR
There are four control issues of SRG such as 1) angle position control ; 2) chopping-current control ; 3) PWM control ; and 4) direct extinction voltage control .
These main control variables are due to the threshold of the exciting current indirectly. Excitation process can be controlled through regulating turn-on and turn-off angles. At low and medium speed operation the SRG phase current is regulated using PWM control of magnetizing voltage and for high speeds it is controlled using a single pulse mode. Constant power output control with the constant output voltage of SRG is implemented in [45] with the following control strategies. 1) fixed conducting angle PWM control strategy 2) variable conducting angle control strategy
The structure of SRG controller for speed -control and power-control applications and the details for commutation of SRG are discussed in [46] . In [47, 48] the topology and control methods of SRG drive are compared with the topology & control of conventional AC drives and the control of SRG for flywheel energy storage system for the application in UPS is discussed.
A closed loop control of power output of SRG to drive a wind energy conversion system to the point of maximum aerodynamic efficiency is presented in [49, 50] . A maximum power point tracking control and constant resistance control methods for SRG are proposed in [51] . A control system for the grid side inverter is presented in [52] and a control technique of a SR starter/generator system has been patented in [53] .
There are two voltage control schemes namely voltage feedback control and commutation shift control scheme. In lower driving speed and heavier load conditions, the voltage feedback regulation control ability under chopping switching mode will be failed and under such circumstances dynamic commutation shift controller is suggested in [54 -56] and tested on an experimental prototype model of SRG in [54] .
The range of design parameters and control variables that generate maximum output power are investigated in [57] . The speed feedback control method for the SRG system described in [58] is illustrated in fig.4 to make the wind turbine work at an optimal speed. The variable speed control has the potential to increase the energy capture. A closed loop control of DC-bus voltage with only phase currents as control parameters (current control through soft chopping with PI plus PWM technique) with the fixed turn-on and turn-off angles for a four-phase SRG is presented in [59] and the real time control was implemented in digital signal processor environment. SRG control based on torque ripple minimization is presented in [60] in which an asymmetrical torque sharing function is investigated and compared with the trapezoidal one. Since the voltage control of SRG by closed-loop control is difficult because of the severe nonlinear magnetic characteristics, another method of voltage control by employing a fuzzy logic controller (FLC) in SRG system is suggested and the procedure for designing the FLC is presented in [61] and the FLC control scheme was implemented with the microprocessor. A closed loop power control algorithm that automatically maintains the most efficient excitation angles in producing the required amount of electric power is implemented and demonstrated in simulation in [62] .
One of the major criteria for optimization of the SRG performance is the efficiency. With optimal excitation angles (turn-on and conduction angles) maximization of efficiency by minimizing the losses was carried out in [63] . A problem of optimal efficiency in single pulse controlled SRG drive operating on a wide speed range is investigated in [64-66] and a controller that online determines the optimal turn-on and turnoff angles is proposed for providing high efficiency and low torque ripple and a smooth transition between PWM control mode to single pulse control mode is achieved in [66] .
A new Sparse PWM converter is investigated in [67, 68] 
V. CONCLUSION
This paper has presented a comprehensive technology review of switched reluctance generators. The characteristics of SRG which includes simplicity of control, robustness, wide speed ranges and reliability makes it a potential candidate for many industrial applications especially for the power generation in harsh environments such as wind energy conversion systems. Therefore it is reasonable to foresee that in the medium power wind systems the SRG allow good performance in extracting the maximum energy carried by the wind with the increased transformed ratio of wind energy / electrical energy and reduced cost of wind generating electricity. 
